During times of environmental insult, Bacillus subtilis undergoes developmental changes leading to biofilm formation, sporulation and competence. Each of these states is regulated in part by the phosphorylated form of the master response regulator Spo0A (Spo0AP). The phosphorylation state of Spo0A is controlled by a multi-component phosphorelay. RicA, RicF and RicT (previously YmcA, YlbF and YaaT) have been shown to be important regulatory proteins for multiple developmental fates. These proteins directly interact and form a stable complex, which has been proposed to accelerate the phosphorelay. Indeed, this complex is sufficient to stimulate the rate of phosphotransfer amongst the phosphorelay proteins in vitro. In this study, we demonstrate that two 21 clusters can be assembled on the complex. As with other ironsulfur cluster-binding proteins, the complex was also found to bind FAD, hinting that these cofactors may be involved in sensing the cellular redox state. This work provides the first comprehensive characterization of an iron-sulfur protein complex that regulates Spo0AP levels. Phylogenetic and genetic evidence suggests that the complex plays a broader role beyond stimulation of the phosphorelay.
Introduction
Bacillus subtilis is a Gram-positive bacterium that can form spores, develop biofilms and become competent to take up extracellular DNA from the environment. While all of these developmental states have specific regulatory systems, the response regulator Spo0A is central to them all (Stragier and Losick, 1996; Molle et al., 2003; Fujita et al., 2005; Mirouze et al., 2012; Vlamakis et al., 2013) . Spo0A is activated by phosphorylation at a conserved phosphoacceptor site in the N-terminal receiver domain, which activates the Cterminal DNA binding domain for binding to Spo0A boxes (0A boxes), which are distributed throughout the chromosome (Muchova et al., 2004) . Spo0A binding can either activate or repress transcription and its binding to target promoters is concentration-dependent, with the 0A boxes having a broad range of affinities for phosphorylated Spo0A (Spo0AP) (Fujita et al., 2005) . Thus, Spo0AP can modulate the expression of hundreds of genes temporally, as its concentration increases during the approach to the stationary growth phase (Molle et al., 2003) .
The amount of Spo0AP is not only dependent on the production of Spo0A itself, but also requires phosphorylation by a multi-component regulatory cascade, known as the phosphorelay. The relay begins with at least five known histidine kinases (KinA-KinE), which are auto-phosphorylated and then pass their phosphoryl group to the single-domain response regulator Spo0F. The Spo0F phosphoryl group is then transferred to the phosphotransferase Spo0B, and finally to an aspartate on Spo0A (Burbulys et al., 1991) .
Although the histidine kinases affect Spo0A regulated processes, the signals responsible for their regulation are incompletely understood (Piggot and Hilbert, 2004) . It has been proposed that KinA is responsive to cellular respiration via the ratio of NAD 1 to NADH (Kolodkin-Gal et al., 2013) . KinC responds to decreased levels of intracellular potassium or to potassium flux as a result of signaling molecules that produce potassium leakage (L opez et al., 2009) . It remains unclear if additional factors modulate the activity of these kinases. However, it is apparent that combinations of kinases are necessary for development and it may be that no single kinase can carry out entry into a particular developmental state (Jiang et al., 2000; Hamon and Lazazzera, 2001; McLoon et al., 2011) . The YmcA-YlbF-YaaT tripartite complex is required for the proper regulation of sporulation, biofilm formation and competence for transformation, in part because the complex stimulates the phosphorelay (Carabetta et al., 2013; Dubnau et al., 2016) . Past work has shown an effect of individual yaaT, ylbF and ymcA null mutations on Spo0AP-dependent transcription (Tortosa et al., 2000; Hosoya et al., 2002; Branda et al., 2004; Kearns et al., 2005) . The sof-1 allele of spo0A that bypasses the phosphorelay by permitting the direct phosphorylation of Spo0A, can bypass the requirement of yaaT for sporulation, as well as spoIIG transcription (Hosoya et al., 2002; Dubnau et al., 2016) . Since spoIIG transcription only requires Spo0AP these findings demonstrate that the complex of YlbF, YmcA and YaaT is required for increased phosphorelay activity. However, since sof-1 mutations cannot bypass the YmcA, YlbF and YaaT requirements for biofilm formation and the development of transformability, a broader role for these proteins was proposed (Dubnau et al., 2016) . The phylogenetic analysis included here shows that YmcA, YlbF and YaaT have a broader distribution than the phosphorelay proteins also suggesting that these proteins may have roles beyond stimulation of the phosphorelay.
In this report, we show that the YmcA-YlbF-YaaT complex stimulates the phosphorelay in vitro in a dosedependent fashion. In addition, we show that the complex carries two bound 21 clusters and is capable of binding a single molecule of FAD or FADH 2 . When the complex contains these cofactors, individually or in combination, no additional stimulation of the phosphorelay was observed in vitro compared to the apocomplex. However, exposure of the cluster-loaded complex to atmospheric oxygen inhibited this in vitro stimulatory activity. As a working model, it is proposed that the complex with its prosthetic groups regulates the phosphorelay in response to the cellular redox status. We have renamed YmcA, YlbF and YaaT as RicA, RicF and RicT, respectively, for regulatory iron-sulfur containing complex subunits A, F and T.
Results
The RicAFT complex stimulates the phosphorelay in a dose-dependent fashion
We previously described a purification protocol for the RicAFT complex and used the resulting preparations to demonstrate stimulation of the phosphorelay (Carabetta et al., 2013) . This protocol relied on mixing lysates from strains of Escherichia coli that overproduced the individual components of the complex. This produced a relatively impure preparation with several prominent contaminating proteins (Carabetta et al., 2013) . To solve this problem, the three proteins have now been co-expressed in E. coli with RicT fused to a glutathione-S-transferase (GST)-tag separated by an HRV 3C protease site. After induction and application of the lysate to a glutathione resin, the protein was eluted as an on-column cleavage product of HRV 3C treatment, permitting the recovery of RicT and its binding partners (RicF and RicA). The eluent was then applied to a size-exclusion column producing a relatively monodisperse peak with a retention time consistent with a complex that is approximately 80 kDa in size, displaying a small amount of aggregation (Supporting Information Fig. S1A ). Four independent runs on a Superose 12 column using four independent preparations produced an average predicted molecular weight of 81.7 kDa with a 95% confidence interval placing the true mean molecular weight between 76.3 kDa and 87.1 kDa. This is consistent with either a 1:2:1 ratio (80.5 kDa) or a 1:1:2 ratio (81.2 kDa), between RicT:RicA:RicF, since the molecular weights of RicF and RicA are very similar. A molecular weight of 81 kDa was assumed for calculations of molarity. Fractions collected across this peak were analyzed by SDS-PAGE. Each preparation contained three major bands corresponding to the size of RicT, RicF and RicA with only a few contaminating proteins (Supporting Information Fig. S1B ). Protein identity was confirmed by mass spectrometry. The peak fraction tightly corresponds to the highest intensity bands with declining intensities in both directions, indicating that all three proteins are present in a complex. Band staining intensities are also consistent with the idea that there is a 1:2:1 ratio (RicT:RicA:RicF). Band densitometry utilizing ImageJ indicated that the preparation is approximately 95% pure. Previously, we provided evidence that the complex stimulates the rate of the phosphorelay, using partially purified protein (Carabetta et al., 2013) . To confirm that the complex directly stimulates the phosphorelay in a dose-dependent manner, phosphorelay components were pre-incubated on ice with and without the complex. The reaction was initiated by the addition of 32 P-g-ATP and the time course of phosphorylation was followed at 188C. Addition of increasing quantities of complex to the phosphorelay reaction increased the rate of phosphorylation (Fig. 1 ). These data indicate that RicF, RicA and RicT form a stable 81 kDa complex that can directly stimulate the phosphorelay, consistent with in vivo data and with previous results obtained using a single concentration of a less pure preparation (Carabetta et al., 2013; Dubnau et al., 2016) .
The RicAFT complex contains two [4Fe-4S] 21 clusters
During our initial attempts to purify RicT by itself, it was noted that the His 6 -SUMO-RicT protein was yellowishbrown in color, but lost its chromophore after overnight incubation. Utilization of the improved RicAFT copurification procedure described above produced a higher yield of the proteins in question, which when concentrated to 0.5-1 mM produced dark brown solutions. Samples of this preparation were analyzed by UV-VIS spectroscopy ( Fig. 2A) . The complex has broad absorbance in the visible range (k max 400 nm), typical of iron-sulfur cluster-containing proteins. During aerobic storage, this visible absorbance dissipated ( Fig. 2A) . Absorbance at 380 nm, the wavelength of maximum change, decreased exponentially over a 6-hour period, with a half-life of approximately 4 h (Fig.  2B) . It is likely that this decay is limited by the diffusion rate of oxygen into the solution, and thus has no implications for the complex other than pointing to its oxygen sensitivity. When the complex was stored anaerobically, the brown color was stable for weeks, with no signs of diminishing. Oxygen sensitivity of the chromophore is consistent with the presence of one or more iron-sulfur prosthetic groups. Furthermore, the large number of cysteine residues in RicT and RicF (Supporting Information Fig. S2 ), many of them conserved (Table 1 ), argues dose-dependent fashion. The phosphorelay proteins were preincubated for 1 h with buffer (diamonds), 1 mM (squares), 3 mM (triangles) or 10 mM (circles) of the RicAFT complex to allow for interactions. The phosphorelay was initiated by the addition of 32 P-g-ATP, and samples were collected at the indicated times during incubation at 188C. The bands were quantified as described in Experimental Procedures, and total radioactivity associated with the four phosphorelay proteins is shown. A. UV-VIS curve of anaerobically purified RicAFT complex following exposure to oxygen over a six-hour period. Black line represents no oxygen exposure. B. Absorbance at 380 nm (A380) tracked at the indicated time intervals after exposure to atmospheric oxygen showing an exponential decay curve with a half-life of 4 h. C. The complex was analyzed by UV-VIS spectroscopy as-isolated (RicAFT AI , black solid line, 12 mM, left axis) or following treatment with an excess of chelators, resulting in an apo-protein (RicAFT Apo , grey dotted line, 4.0 mM, right axis). D. UV-VIS spectra of the complex asisolated (RicAFT AI , black solid line, 6.8 mM, left axis) and reconstituted with a 15-fold excess of FeCl 3 and Li 2 S (RicAFT Recon. , grey dotted line, 5.3 mM, right axis). For C and D, the absorbance was normalized using protein concentration to facilitate comparison between spectra.
for the presence of a metal cofactor. The six conserved cysteines in RicT, the four present in RicF and the single cysteine in RicA are clearly sufficient for the coordination of multiple metal cofactors. Additional support for this was obtained by treatment of the complex with EDTA and potassium ferricyanide, followed by re-isolation. This resulted in a marked reduction in the visible absorbance (Fig. 2C ) while retaining the absorbance at 280 nm, presumably due to chelation of a metal cofactor.
To further test for the presence of an iron-sulfur cluster, we measured iron and acid-labile sulfide levels in four independent, anaerobically prepared samples of the complex. While the iron and sulfide levels varied widely relative to protein with a stoichiometry of iron relative to protein being as high 7.7 and as low as 3.7 moles of iron per mole of protein, the ratio of iron to sulfide was remarkably consistent with an average of 1.1 moles of iron for every mole of sulfide (Table 2 ). This variation is likely a consequence of inefficient incorporation of the [Fe-S] clusters into the complex under conditions of overexpression.
[Fe-S] clusters can generally be reconstituted by the addition of inorganic salts of iron and sulfide (Malkin and Rabinowitz, 1966; Lanz et al., 2012) . Therefore, we carried out reconstitution, using a 15-fold molar excess of FeCl 3 and Li 2 S followed by incubation on ice for about 16 h to permit assembly of the [Fe-S] clusters. Both reconstituted and as-isolated samples were then analyzed by size exclusion chromatography (SEC) in the anaerobic chamber. Following reconstitution, no aggregates or major shifts in nominal size were observed (not shown). There was also no observed shift in size compared to the aerobically purified complex. The spectra of peak fractions from the two SEC elutions were determined (Fig. 2D ). The absorbance in the visible region of Concentrations of iron, acid-labile sulfide and protein present in four independent anaerobic RicAFT preparations. The data are presented as the arithmetic mean 6 standard deviation (n 5 6). The mean ratio of iron to sulfide is 1.1 with a standard deviation of 0.1.
the reconstituted preparation was increased relative to the sample directly isolated from E. coli. This result argues that this chromophore can be reconstituted by the addition of iron and sulfide or at the very least that the extinction coefficient increases in response to addition of these inorganic salts. Indeed the A 280 :A 430 ratio decreases from 7.28 to 3.00 upon chemical reconstitution. Iron and sulfide analyses of the reconstituted samples revealed the presence of 10.8 Fe and 11.6 sulfide atoms per RicAFT complex. To identify and quantify the various forms of [Fe-S] clusters associated with the RicAFT cluster, we employed a combination of M€ ossbauer and electron paramagnetic resonance (EPR) spectroscopies, because these two complementary methods can probe all different forms of iron-containing cofactors (Pandelia et al., 2015 per RicAFT complex in this un-reconstituted sample. Because the amount of iron and sulfide associated with the anaerobically isolated RicAFT complex was found to be variable (see above), we also interrogated samples of the RicAFT complex, which had been reconstituted with iron and sulfide. The 4.2 K/53 mT M€ ossbauer spectrum of this sample (Fig. 3B , vertical black bars) can be simulated by the quadrupole doublet with the above-mentioned parameters (total intensity >98%). Thus, essentially all iron present in this sample is in form of 21 clusters. Consistent with this observation, the X-band EPR spectrum of the reconsti- 
In vitro effects of the [Fe-S] complexes on the phosphorelay
The presence of [Fe-S] clusters might enhance the rate of the phosphorelay more than the apo-protein, because this could represent the true active form of the complex.
[Fe-S] clusters have been shown to be important in other response regulator systems such as NreB (Kamps et al., 2004) . To test this, the phosphorelay reaction was carried out aerobically using either reconstituted complex (holo-RicAFT) or an apo-complex, which exhibited no evident absorbance in the visible range and no detectable Fe or S. Regardless of the presence or absence of the two [Fe-S] clusters, the complex stimulated the initial rate of the phosphorelay reaction by about twofold compared to the control (Fig. 4A) . Interestingly, the rate of the phosphorelay in the presence of the holo-RicAFT decreased after about 10 min to that observed for the buffer control. To determine the effect of oxygen, the phosphorelay reaction was assessed anaerobically using holo-RicAFT that had been exposed to oxygen for 4 h. Holo-RicAFT stimulated the phosphorelay by twofold above the buffer control (Fig. 4B) Fig. 5B ), the spectrum reveals that the disassembly proceeds via two other species. The progress of the reaction upon exposure to O 2 for 4 h is best depicted by the (4 h-0 h) difference spectrum (Fig. 5D , black vertical bars). In this depiction, the features pointing upwards represent the reactive iron species that is present in the 0 h time point, while the features pointing downward are associated with the iron complexes formed after 4 h. Analysis of the difference spectrum shows that the majority of [4Fe-4S] 21 clusters disappear after 4h (50% of total intensity; blue line in Fig.  5D ). Adding back this component yields the reference spectrum of the Fe species formed after 4 h (Fig. 5E , black vertical bars). The first of these products exhibits the broad magnetically split spectrum associated (presumably) with high-spin ferric (17% of total intensity, blue line in Fig. 5E ). The spectrum after subtracting these features ( Fig. 5F ) reveals the presence of two quadrupole 21 component (50% intensity). Adding back the blue spectrum yields the reference spectrum of the species generated after 4h (E, vertical bars), of which part (17% of total intensity) corresponds to the 24-h spectrum (blue line). After removal of that component, the remaining spectrum (F, vertical Fig. 5F ) (Pandelia et al., 2015) and N/O-coordinated high-spin ferrous, presumably in solution (d 5 1.29 mm/s and DE Q 5 3.16 mm/s, 18% of total intensity, purple line in Fig. 5F ).
The RicAFT complex binds FAD and FADH 2
[Fe-S] cofactor utilizing proteins can also bind flavin cofactors (Saini et al., 2010; Wollers et al., 2010; McNeil and Fineran, 2013) . To test this possibility for the RicAFT complex, large excesses of FAD (Fig. 6A) and FMN ( Fig. 6B ) were added to aerobically purified complex, and the unbound flavins were removed by dialysis. While the sample with FAD showed the characteristic flavin peaks at 374 nm and 450 nm, FMN treatment produced no spectral perturbation indicative of binding.
The absorbance peak at approximately 320 nm, which is evident in Fig. 6A and B, is not consistent with either flavin or protein absorbance and can be removed by chelation (Fig. 2C ). Attempts to purify and identify the source of the 320 nm absorbance using reverse phase HPLC have proven unsuccessful (data not shown), leading us to conclude that it may be a product of [Fe-S] cluster decay rather than an organic small molecule. These data argue that the complex is capable of binding FAD, but may not do so during over-expression in E. coli. To determine whether sub-stoichiometric amounts of FAD are present, samples of the complex isolated from E. coli were subjected to reverse phase (C18) chromatography to detect trace levels of FAD. The method was validated to detect as little as 1% of the complex with bound FAD (i.e., the concentration was less than 200 nM). While no FAD was observed in this sample, added bound FAD was readily detected by this method (Supporting Information Fig. S3 ). FAD, reduced to FADH 2 with dithionite also bound to the complex (Supporting Information Fig. S3 ).
FAD quantities were measured by comparison with an FAD standard by HPLC or using the known extinction coefficient of FAD. Both methods found that FAD and FADH 2 bound to the complex with a 1:1 stoichiometry (Supporting Information Fig. S3 ). The addition of FAD or FADH 2 to apo-complex did not alter the twofold stimulation of the phosphorelay obtained using apo-complex alone (Supporting Information Figs S4 and S5 ). While binding of FAD appears to be specific, its function remains unclear and may be relevant for wider roles of the complex, beyond the phosphorelay.
Discussion
The first important result of this study is that the RicAFT complex carries two 21 clusters and that each complex can bind one molecule of FAD or FADH 2 . The [4Fe-4S] 21 clusters are presumably coordinated by conserved cysteine residues in the RicAFT proteins (Table 1 ). In addition to the six completely conserved cysteine residues shown in the table, C89 is nearly always present in RicT and C30 is frequently present, at least in the bacilli (not shown). Thus, it may be that both clusters are present on RicT. Mutation of these residues would shed light on which cysteines are important for coordination as well as which protein subunits coordinate the clusters. Additionally, mutagenesis might help elucidate the function of the clusters. Our present evidence suggests a working model in which the 12 resting state of the iron-sulfur clusters does not contribute to the stimulation of the phosphorelay compared to the apo-complex but that a modified form of the complex, formed upon exposure to oxygen, loses stimulatory activity. Although in our experiments molecular oxygen was the oxidant, we do not suggest that this is necessarily the case in vivo and if this model is correct, other electron acceptors may play this role, either by interacting with the clusters or perhaps via interaction with a bound flavin. It is also possible that each cluster may have a differential sensitivity to oxidation. These are potentially interesting subjects for future investigation. Whatever the roles of the clusters, they are not required for interaction with phosphorelay components, because the apo-complex is just as active in vitro as the holo-complex.
We have observed that sporulation is inhibited by oxygen at least 10-fold (not shown): the frequency of spore formation is reduced when the surface to volume ratio of liquid cultures is high or when high concentrations of oxygen are bubbled through liquid cultures. It is possible that the iron-sulfur clusters on the complex sense a change in redox status and limit the rate of the phosphorelay and thus of spore formation. It is of interest that Kolodkin-Gal et al. (2013) have reported that KinA, isolated from B. subtilis, contains NAD. Possibly, this molecule plays some role together with the [Fe-S]-containing complex in regulating the phosphorelay in response to redox status. Progress in understanding the roles of the Ric complex will depend on both genetic and biochemical analyses. For example, in addition to mutational studies to identify cluster-ligating residues, suppressor analysis may help identify additional targets for RicAFT function and biochemical and structural studies may assist in revealing the roles of different cluster forms.
Fnr, which controls the transcription of hundreds of genes in E. coli, is another example of a regulatory protein that responds to alterations in O 2 tension (Salmon et al., 2003; Constantinidou et al., 2006; Reents et al., 2006b) . In E. coli, Fnr dimerizes in response to the formation of a 21 cluster which facilitates binding to promoter regions (Lazazzera et al., 1996) . Exposure to oxygen degrades the cluster to a [2Fe-2S] 21 state and then further to an apo-protein, both of which are transcriptionally inactive (Green et al., 1996; Khoroshilova et al., 1997; Popescu et al., 1998 (Zhang et al., 2012) . This change is accompanied by a dimer-to-monomer conversion, of which the monomeric form binds less tightly to DNA. Importantly, it was shown that this cluster interconversion is reversible; treatment of the cysteine-persulfide-[2Fe-2S]
21
-containing form with ferrous ions and DTT under anaerobic conditions, but in the absence of sulfide, results in regeneration of the 21 form (Zhang et al., 2012 (Reents et al., 2006a; Gruner et al., 2011) . The physiological mechanism and mechanistic reasons for this difference remain poorly characterized (Mettert and Kiley, 2015) . The two component regulatory system NreBC in Staphylococcus carnosus regulates the expression of nitrate reductase. NreC is a response regulator, which only binds to and activates promoters associated with respiratory nitrate/nitrite reduction and transport when it is phosphorylated (Fedtke et al., 2002; Schlag et al., 2008) . NreC is phosphorylated by NreB, which is a histidine kinase whose activity is dependent on the presence of a [4Fe-4S] cluster. When this cluster is oxidized it can be converted to a [2Fe-2S] cluster, which renders the kinase inactive (Kamps et al., 2004; M€ ullner et al., 2008) .
Enhancement of the phosphorelay is not the only function of RicA, RicF and RicT
The role of the complex composed of RicA, RicF and RicT, its component parts and its cofactors is more complicated than originally appreciated. Early work showing a role for the RicAFT complex in Spo0A-dependent transcriptional regulation suggested a role for the complex in control of the phosphorelay. This conclusion has been supported by both biochemistry and genetic suppressor analyses (Tortosa et al., 2000; Hosoya et al., 2002; Kearns et al., 2005; Carabetta et al., 2013; Dubnau et al., 2016) . In particular, the direct stimulation of the phosphorelay in vitro supports the idea that this is an important function of the complex. While the present study has sought to address the effect of the RicAFT upon the phosphorelay, the published data suggests that the complex may play a broader role. This is based on the effects of deficient mutations on biofilms and competence that cannot be bypassed by sof-1 (which permits direct phosphorylation of Spo0A) or by sad-67 (an allele of spo0A that is active without phosphorylation) (Dubnau et al., 2016) .
Further evidence for a broader role comes from phylogenetic analysis. Among the Firmicutes, RicA, RicF and RicT are not limited to the sporulating Bacillales that possess a phosphorelay, but are also encoded by Staphylococcus, Listeria and some of the Lactobacillales (Fig. 7) . In contrast, the Clostridiales all encode RicT but not RicF and RicA. These anaerobes require Spo0A for sporulation but are believed to phosphorylate this protein by direct action of one or more kinases (Paredes et al., 2005) .
What might be the role of the RicAFT complex in B. subtilis, beyond stimulation of the phosphorelay? DeLoughery et al. (2016) have proposed that the complex modulates mRNA processing via its association with the ribonuclease Rny. Indeed they have offered persuasive evidence that in ricF and ricA null mutants, the cggR-gapA mRNA is not processed normally. Yet another attractive possibility is that the complex serves a role in [Fe-S] cluster assembly on apo-proteins. Consistent with this idea is the observation that ricA, ricF and ricT mutants exhibit marked growth defects in minimal medium but not in complex media, which would be expected if [Fe-S] cluster biogenesis or assembly are impaired, since many biosynthetic reactions are mediated by [Fe-S] enzymes (Schwartz et al., 2000; Albrecht et al., 2010; Tanaka et al., 2016) .
Putting the complex phylogeny in context with the evolutionary history of the firmicutes
RicT is clearly more conserved than RicF and RicA and was probably present in the common ancestor of the Clostridia and the rest of the Firmicutes (Fig. 7) . RicF and RicA have probably co-evolved and are absent from the Clostridia, suggesting that they appeared after this order diverged from the Bacilli. Interestingly, these two proteins have been lost from many of the Lactobacillales, particularly from Lactobacillus, Leuconstoc and Pediococcus. Remarkably, many of these genera lack requirements for iron and consequently have a decreased need for [Fe-S] cluster proteins (Archibald, 1983; Pandey et al., 1994; Imbert and Blondeau, 1998; Santos, 2014) . Lactococcus lactis, which is phylogenetically grouped with the Streptococci, has also been reported to not require iron but encodes all three Ric proteins (Pandey et al., 1994) . However, the absence of an iron requirement for growth does not mean that the machinery for [Fe-S] cluster assembly is absent and that [Fe-S] clusters are never used. In fact, Lactococcus lactis has a well-conserved suf operon and carries citB, which encodes the [Fe-S] protein aconitase.
Sporulation likely arose approximately 2.7 billion years ago (Paredes et al., 2005) , 300 to 400 million years before the great oxidation event (GOE) resulted in the accumulation of oxygen in the atmosphere (Kasting, 1993; Battistuzzi et al., 2004; Holland, 2006) . The common ancestor of the Bacilli and Clostridia would thus have arisen in an anaerobic environment (Paredes et al., 2005) . The Clostridia encode Spo0A but lack a complete phosphorelay as well as RicF and RicA. In view of the proposed role(s) for the complex beyond the phosphorelay, it is tempting to speculate that these two proteins evolved in response to the GOE perhaps to protect the [Fe-S] clusters from oxidation. The entire complex may then have been co-opted by the phosphorelay to regulate it in response to the redox state. As bacteria moved into more stable niches, with steady nutrient supplies and less changeable environments, sporulation was lost, along with most of the genes associated with sporulation (Galperin, 2013) . Although the phosphorelay and Spo0A disappeared, the ric genes were not immediately lost, persisting in the non- Fig. 7 . Phylogenetic analysis of the distribution of RicA, RicF and RicT. The phylogenetic tree was constructed using an alignment of 16s rRNA sequences from the RDP database rooted to the outgroup Streptomyces fradiae as described in Experimental Procedures (Cole et al., 2009) . Percentages represent the percent identity, with darker shades of green indicating higher identity. Organisms marked by an asterisk do not require iron for growth and fail to incorporate radioactive 59 Fe (Archibald, 1983; Pandey et al., 1994; Imbert and Blondeau, 1998) .
sporulating Bacillales and certain of the Lactobacillales. These arguments provide a parsimonious explanation for the evolutionary history of the complex. They are also consistent with a broader role for the complex beyond the phosphorelay, which will be the subject of future studies.
Experimental procedures
Microbiological media, strains and methods
All bacterial strains are listed in Supporting Information Table S1 . Luria-Bertani (LB) medium and agar (Kearns et al., 2005) , 2xYT medium (Nakano et al., 1988) , were prepared as previously described. Ampicillin (Amp) was used for plasmid maintenance in E. coli cultures at a concentration of 100 mg/mL. All chemicals and reagents, unless otherwise noted, are from Sigma-Aldrich.
Purification of phosphorelay proteins
The phosphorelay proteins and their over-expression strains were Spo0A (PP494), Spo0F-His 6 (ED1428), Spo0B-His 6 (ED1427) and KinA-His 6 (ED1444). The proteins were expressed and purified as described Muchova et al., 2004) .
Co-purification of the RicAFT complex
The GST-YaaT/YmcA/YlbF co-expression plasmid was transformed into BL21 (DE3) for purification. The resulting strain, ED1690, was grown overnight in LB supplemented with Amp at 378C with aeration. The culture was diluted 1:100 into fresh 2xYT supplemented with 300 mM cysteine, Amp and 50 mM mM FeCl 3. For M€ ossbauer spectroscopy, iron was removed from the 2xYT media by treatment with Chelex 100 resin (Biorad) according to manufacturer's instructions. A trace metal mix (Biller and Burkholder, 2009) lacking iron and 57 FeCl 3 (Isoflex) was added back. The culture was induced with 0.5 mM IPTG when it reached an optical density at 600 nm (OD 600 ) of 0.6. Cultures were incubated for 4 h at 258C, pelleted at 4,000 3 g for 10 min and washed once with 'complex buffer' (20 mM HEPES, pH 7.5, 300 mM NaCl, 1 mM tris(2-carboxyethyl)phosphine (TCEP)) in a Coy anaerobic chamber (Coy Laboratory Products, Grass Lake, MI) for anaerobic preparations. Pellets were stored anaerobically at 280 C in screw-capped bottles (Beckman).
Anaerobic and aerobic purifications were performed similarly with necessary modifications. All anaerobic work was performed in a Coy anaerobic chamber as previously described (Yan and Kiley, 2009) . Oxygen levels were maintained at less than 20 ppm. All solutions were sparged for 20 min with argon before introduction into the chamber. Additionally, all solutions were introduced into the chamber at least 24 h before use and plastic consumables were introduced one week before use, to allow oxygen to dissipate. For anaerobic purifications, the cell pellet was thawed in the anaerobic chamber and where possible, subsequent steps were carried out in the anaerobic chamber. The pellet was resuspended in Solulyse bacterial protein extraction reagent (Genlantis), containing protease inhibitor tablets (1 tablet for 20 ml of buffer, ThermoFisher) and Pierce universal nuclease (100 kU) for cell lysis, according to manufacturer's instructions. The resulting lysate was clarified by centrifugation for 60 min at 45,000 rpm at 48C in a 70Ti ultracentrifuge rotor (Beckman) using sealed centrifuge bottles. The supernatants were returned to the chamber and mixed with Glutathione-Superflow Resin (Clontech), previously equilibrated with 20 column volumes of Complex Buffer, and gently rotated overnight at 48C for aerobic purification and for 1 h at room temp with periodic inversion for anaerobic purifications. The flow through was collected and the resin washed with 20 column volumes of complex buffer. The GST-bound proteins were eluted from the resin following digestion with HRV 3C Protease (1mg/mL, ThermoFisher) overnight at 48C. Anaerobic samples were stored in the chamber at 48C using a Boekel MiniFridge II. Samples for EPR or M€ ossbauer spectroscopy were frozen in liquid N 2 in the anaerobic chamber. Aerobically purified samples were saved at 2808C for future use.
In vitro phosphorelay
The phosphorelay reaction was carried out as described previously (Carabetta et al., 2013) with the following modifications. The complex was added at the indicated concentrations. For controls, an equivalent volume of buffer was added to the phosphorelay reaction and run in parallel. The reaction was incubated at 188C for 15 min, unless otherwise noted, and samples withdrawn at the indicated time points. Samples were resolved on a 15% gel by SDS-PAGE, radiolabeled bands identified using a phosphoimager (Typhoon FLA 7000, GE Healthcare) and band intensities quantified using ImageQuant TL Version 8.1.
UV-VIS spectroscopy
One milliliter of protein sample, at the indicated concentration, was added to a screw capped quartz cuvette and the absorbance from 200 nm to 1,000 nm was recorded using a 8453 UV-Visible Spectrophotometer (Agilent Technologies). For the oxygen decay time course, the cuvette was unscrewed, oxygen was introduced to the protein solution by brief pipetting and the cuvette was left open to atmospheric oxygen at room temperature. Measurements were taken at the indicated times.
Iron-sulfur cluster chelation
The co-purified RicAFT complex was incubated in the presence of 50-fold excess of EDTA (pH, 7.5) for 5 min. A 20-fold excess of potassium ferricyanide was added and the solution was incubated on ice for 1 h. A PD-10 column (GE Healthcare) was equilibrated with 20 mL of H 2 O followed by 100 mL of 50 mM sodium phosphate buffer, pH 7.5, 300 mM NaCl, 10 mM TCEP. The sample was diluted to 2.5 mL with elution buffer and applied to a PD-10 column. Elution buffer was then applied in 0.5 mL increments.
Fractions were checked for protein concentration by the Bradford assay (Bradford, 1976) . Peak fractions were pooled and concentrated using an Amicon Ultra-15 Centrifugal Filter Units (30 kDa MWCO, Millipore), according to manufacturer's instructions, if necessary. A sample of the purified complex was submitted for amino acid analysis (University of California, Davis) to determine its actual concentration. Based on this, it was determined that the concentration obtained from Bradford assays using BSA as a standard was low by 5.7%. This correction was applied to all determinations.
Iron measurement
Iron was measured as described previously (Hennessy et al., 1984) , with the following modifications. All glassware used in this procedure was washed with 1% (v/v) HCl and then rinsed three times with ultrapure Milli-Q water. 5 mL, 10 mL, 25 mL, 50 mL, 75 mL, 100 mL and a 1:10 dilution of RicAFT complex preparation was added to Eppendorf tubes and the volumes adjusted to 100 mL with Milli-Q water. An equal volume of 1% HCl was added to each sample, mixed and incubated at 808C for 10 min. After cooling to room temperature, the following reagents were added sequentially with vortexing after each addition: 500 mL of 7.5% (w/ v) ammonium acetate, 100 mL of freshly prepared 4% (w/v) ascorbic acid, 100 mL of 2.5% (w/v) SDS and 100 mL of 1.5% (w/v) ferene. Samples were centrifuged for 10 min at 9,000 3 g and the absorbance was measured at 593 nm. Data was analyzed using Microsoft Excel 2010, by interpolation using a standard curve prepared from a standard solution of 200 nM of (NH 4 ) 2 Fe(SO 4 ) 2.
Sulfide measurement
Sulfide was measured as described previously (Fogo and Popowsky, 1949) , with modifications. All water used in this protocol was Ultrapure Milli-Q water and was autoclaved. 2.5 mL, 5 mL, 7.5 mL, 10 mL, 12.5 mL and 15 mL of the complex preparations were added to H 2 O to yield a final volume of 200 mL in an Eppendorf tube inside the anaerobic chamber. 600 mL of freshly prepared 1% (w/v) zinc acetate was added, followed by 50 mL of 7% NaOH. The samples were then incubated at room temperature for 15 min. 150 mL of 0.1% (w/v) N, N-dimethyl-p-phenylene-diamine (DMPD) in 5 M HCl was added. Next, 150 mL of 10 mM FeCl 3 in 1M HCl was added, vortexed for 30 s, incubated for 20 min at room temperature and centrifuged for 5 min at 9,000 3 g at room temperature. The absorbance at 670 nm was measured, and compared to a standard curve prepared from a 2 mM Li 2 S solution in 10 mM NaOH. Data was analyzed as described for the iron determinations.
Iron-sulfur cluster reconstitution
Anaerobic reconstitution of [Fe-S] clusters was performed as described (Lanz et al., 2012) . Briefly, 18 mL of anaerobically purified RicAFT with a concentration of at least 20 mM was added to a stoppered Erlenmeyer flask in the anaerobic chamber. The solution was then stirred and DTT added to a final concentration of 1 mg/mL. Total protein, iron and sulfide levels were measured as described above. A 15-fold molar excess of iron (FeCl 3 or 57 FeCl 3 for M€ ossbauer spectroscopy), and sulfide (Li 2 S), was added. The iron and sulfide addition was split into six aliquots, one of which was added every 15 min. The flask was capped with a rubber stopper and incubated overnight with cooling.
Reconstituted protein was concentrated using an Amicon Ultra-15 Centrifugal Filter Units (30 kDa MWCO, Millipore) according to manufacturer's instructions, to a final volume of 400 mL. The sample was filtered on a 0.22 mm Costar spin-x centrifuge tube filter (Corning). The brown filtrate was run on a Superose 12 column, as described above, in the anaerobic chamber. The purest fractions were pooled and concentrated to 1 mL. Total protein, iron and sulfide levels were measured as described above. Samples in preparation for EPR or M€ ossbauer spectroscopy were frozen within the chamber in liquid N 2 .
Phylogenetic tree and genetic conservation analyses
All protein sequence information was obtained from GenoList (Lechat et al., 2008) , selecting 28 species from the Firmicutes at random. Sequences from B. subtilis 168 were entered into GenoList's protein BLAST search to find orthologous proteins. Proteins were included if they had greater than 20% sequence identity or a SyntTax (Oberto, 2013) search revealed conserved synteny with two or more genes with greater than 20% sequence identity. Microsoft Excel 2010 was used to construct the tables and heat maps showing ortholog conservation.
The 16S rRNA phylogenetic tree was constructed using sequences obtained from the RDP database (Cole et al., 2009) for the 28 species plus a single representative from the actinomycetes (i.e., Streptomyces fradiae) as an outgroup for the phylogenetic tree. The alignment was performed by RDP and a bootstrapped (n 5 1,000) neighbor joining tree rooted to S. fradiae constructed using Geneious (version 6.1.8) (Kearse et al., 2012) .
EPR and Mossbauer spectroscopy
All samples were enriched with 57 Fe as described above. 300 mL of protein sample with at least 0.6 mM of bound iron was placed in a M€ ossbauer cup and 250 mL injected into an EPR tube and frozen in liquid nitrogen. M€ ossbauer and EPR spectroscopy was performed at Pennsylvania State University. Mossbauer spectra were recorded with constant acceleration in transmission geometry on a WEB Research (Edina, MN) spectrometer, maintained at 4.2 K using an SVT-400 cryostat from Janis Research Co. (Wilmington, MA). All spectra were recorded with a magnetic field of 53 mT applied parallel to the gamma beam. Isomer shifts are quoted relative to the centroid of a metallic iron foil at room temperature. All M€ ossbauer spectra were analyzed using WMOSS (WEB research). EPR spectra were recorded at 10 K using a Bruker ESP-300 spectrometer.
Statistical analyses
All statistical analyses, with the exception of Pearson's correlation coefficients were carried out using the software RicAFT (YmcA-YlbF-YaaT) complex 847 package Stata (version 13.1). All 95% confidence intervals assume a normal distribution. All one-way analysis of variance (ANOVA) were followed by post-hoc t-tests applying the Bonferroni correction to accommodate multiple comparisons.
